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and logic 2, 3 applications. As a result, the response of 180DWs to an applied current has been investigated in detail. [4] [5] [6] [7] [8] [9] An applied field or current drives a 180DW along a magnetic stripe with a velocity that increases linearly with the field strength or current density until the wall reaches a velocity at which Walker breakdown occurs. 7, 10 Increasing the driving force beyond the breakdown limit sharply lowers the 180DW velocity, and a further increase recovers a linear driving force-velocity relationship, but with a smaller proportionality constant 6, 7, 11 and with oscillations in the structure and velocity of the 180DW. [12] [13] [14] [15] [16] There have also been studies of current-driven motion of arrays of 180DWs in a wire, 1, 17 in which the walls may move at different velocities and eventually impinge and annihilate. 17 Despite the interest in 180DWs, there has been little exploration of the current-induced motion of 360°domain walls ͑360DWs͒, except in the ballistic case of ferromagnetic semiconductors. 18 360DWs are metastable structures which can be formed by the combination of two transverse 180DWs in which the magnetization directions at the centers of the 180DWs are oriented in opposite directions across the stripe. [19] [20] [21] [22] [23] [24] [25] The response of 360DWs to applied fields has been well characterized. For example, a field applied along the stripe does not translate a 360DW, but instead compresses or expands it, ultimately collapsing or dissociating the wall, respectively. 20, 25, 26 360DWs are of considerable importance in thin-film devices, because of their effects on the subsequent magnetic reversal of the device, and the influence of their stray field on nearby magnetic structures or even other nearby DWs. [23] [24] [25] Because coupling of 180DWs to form 360DWs is likely to occur in any DW device at sufficient DW density, understanding of the behavior of the 360DW is important for the development of DW devices. In this article we show that 360DWs exhibit qualitatively distinct current-driven behavior compared to that of 180DWs, including a strikingly different breakdown process that results in annihilation of the 360DW, and gigahertz ͑GHz͒-range, field-tunable resonant behavior that can be excited by an applied ac current.
Current-and field-induced behavior of 360DWs was investigated using the dynamic NIST OOMMF 3D micromagnetic solver. 27 The structure consisted of a 5048 nm ϫ 100 nmϫ 5 nm NiFe ͑Permalloy͒ nanowire with 4 nm ϫ 4 nmϫ 5 nm unit cells, in which the magnetization of a 48-nm-long region at each end of the stripe was fixed parallel to the stripe to provide boundary conditions. The exchange constant was A = 1.3ϫ 10 −6 erg/ cm, the saturation magnetization was M s = 860 emu/ cm 3 , the polarization factor was P = 0.4, the anisotropy was zero, and the Gilbert damping parameter was ␣ = 0.01. The nonadiabatic spintorque term ␤ ͑Refs. 11, 19, and 28͒ was varied between 0.02 and 0.05. An initial state was generated by relaxing a DW placed approximately 2 m from the left end of the stripe, by equilibrating the magnetization configuration such that no spin was rotating faster than 0.12°/ ns. This DW location was chosen so that the influence of the stray field from the ends of the stripe was negligible. Initial 180DW and 360DW configurations are shown in Figs. 1͑a͒ and 1͑b͒ . The locations of 360DWs as a function of time and the positions at which they annihilated were determined from the value of the transverse ͑y axis͒ component of the magnetization as a function of distance along the stripe.
The simulations show that 360DWs translate under an applied current, showing an approximately linear increase in velocity with current density. Figure 2͑a͒ gives the velocity calculated at zero applied field as a function of spin current velocity u. The spin current velocity is proportional to the applied current density as u = JPg B / ͑2eM S ͒, where J is the current density, and the g B / ͑2eM S ͒ term in Permalloy is 7 ϫ 10 −11 m 3 / C. 11 At zero field the DW velocity for the 360DW is similar to that obtained for a 180DW for spin current velocities up to ϳ200 m / s. As this simulation is performed for nonzero ␤ parameter and zero anisotropy in a geometrically perfect wire, there was no critical current density for DW motion. Figure 2͑b͒ shows the effect on DW velocity of a magnetic field applied along the stripe ͑x-axis field͒ for u = 80, 100, and 120 m/s for both a 180DW and a 360DW. The 180DW showed the expected Walker behavior in which the velocity increased with field then dropped abruptly at a field near 14 Oe. In contrast, the velocity of the 360DW had no detectable dependence on the field along the stripe in the range of −25 Oe to +50 Oe. Below −25 Oe, the 360DW dissociated to form a reverse domain, while at much higher positive fields ͑1438 Oe, not shown͒, the 360DW collapsed. The velocities of the 180DW and the 360DW were identical at zero applied field, consistent with Fig. 2͑a͒ , i.e., for moderate current densities ͑those below the current required to cause annihilation of the 360DW described below͒ a 360DW under any applied field propagated with the same velocity as a 180DW at zero field.
At a spin current density of u = 238 m / s, the 360DW exhibited an annihilation process which is qualitatively different from the Walker breakdown exhibited by the 180DW at u = 400 m / s at zero applied field. In agreement with prior work, [12] [13] [14] Walker breakdown of the 180DW at high current or field occurred by the emission of an antivortex core from the stripe edge and an oscillation in the magnetic configuration and the velocity of the 180DW, but the 180DW was not destroyed. In contrast, the annihilation of the 360DW was an irreversible process which occurred by the creation of a vortex core at one edge of the stripe resulting in the formation of a single 180DW enclosing a U-shaped reverse domain on the other edge of the stripe, as shown in Fig. 1͑c͒ . At this point the velocity of the DW along the stripe fell to zero, and the U-shaped reverse domain contracted, Fig. 1͑d͒ . As the shrinking reverse domain approached the edge of the wire, it began to accelerate along −x, opposite to the initial propagation direction, Fig. 1͑e͒ . Eventually, the reverse domain vanished, releasing a burst of spin waves. The current-induced 360DW annihilation also differed from the annihilation process of a 360DW caused by a large field in the absence of a current, which occurs via the formation and movement of multiple vortex cores accompanied by the emission of spin waves. Figure 3͑a͒ summarizes the effects of spin current density and applied field on the 360DW for ␤ = 0.03. At low current densities, below u = 166 m / s at zero applied field, the 360DW propagated at constant velocity until it reached the end of the stripe. When it collided with the fixed-spin region at the end of the stripe it showed damped oscillations but was not annihilated. At high current densities, above u = 237 m / s at zero field, after propagating some distance along the stripe, the 360DW collapsed following the process described in Figs. 1͑c͒-1͑e͒ . At intermediate current densities the 360DW propagated until it reached the end of the stripe but collapsed once it reached the boundary. These three regimes are denoted stable propagation, perturbed annihilation, and spontaneous annihilation, respectively, in Fig. 3͑a͒ . Below −25 Oe, the 360DW dissociated but above −25 Oe increasing field compressed the 360DW and lowered the value of current density at which annihilation of the 360DW occurred, from u = 267 m / s at −25 Oe to u = 201 m / s at 50 Oe. An increasing applied field brought the component 180DWs closer together, facilitating the initial meeting of the 180DWs at the edge of the stripe which begins the annihilation process. It is expected that the critical current for breakdown would continue to decrease for increasing field, until the 360DW collapses spontaneously at 1438 Oe and zero current. Because the velocity of the 360DW is independent of field, the increase in critical current also increases the maximum propagation velocity. In contrast, a 180DW showed little effect of field on the propagation velocity at breakdown, although a transverse applied field has been shown to suppress breakdown and enable higher velocity. 29 These results illustrate qualitative differences between current-driven 180DW and 360DW behavior.
The nonadiabaticity parameter ␤ had a significant influence on the critical current density for breakdown, as shown in Fig. 3͑b͒ . As ␤ decreases, the critical current densities for perturbed and spontaneous annihilation increase significantly, and the range of the perturbed annihilation regime increases. For ␤ = 0.02 no spontaneous annihilation was observed even at u = 350 m / s, corresponding to a current density of 1.25ϫ 10 13 A / m 2 . This ␤ dependence is in general agreement with previous work on 180DW motion, in which increasing ␤ for ␤ Ͼ ␣ led to higher velocities at a given field, explained by the greater fieldlike torque provided by increasing ␤, 28 as well as lower Walker breakdown velocities.
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The foregoing results correspond to a Permalloy stripe with cross-sectional area 100ϫ 5 nm 2 . Simulations of other geometries indicated that the results are quantitatively similar for stripes in which the 360DW equilibrium structure resembles that of Fig. 1͑b͒ , in which the cores of the two component 180DWs lie approximately antiparallel to each other. For example, changing the stripe width from 100 to 50 nm lowered the zero-field annihilation spin current density from u = 238 m / s to u = 236 m / s, and the DW velocity decreased from 435 to 429 m/s at u = 150 m / s. However, for stripe widths above ϳ120 nm, the two component 180DWs developed mirror-image curvatures so that the equilibrated 360DW was narrower at one side of the stripe than the other, and the current required to annihilate the 360DW was lowered significantly.
We now describe the high-frequency behavior of the 360DW and show how its oscillation can be excited by an ac current. We note first that the 360DW displayed an excitation mode in which its length ͑i.e., the distance between the cores of the component 180DWs͒ oscillates but the position of its midpoint remains fixed; similar oscillatory behavior has been found for field-excited 360DWs in thin-film stripes 30 and thick films. 31 We characterized this excitation by perturbing the 360DW with an applied field pulse and measuring the frequency of the resulting damped oscillations in the demagnetization and exchange energies, as shown in Fig. 4͑a͒ . This intrinsic resonance was observed in the absence of any externally defined potential or current, unlike oscillations reported for 180DWs. 32, 33 The resonant frequency was altered by an applied longitudinal field, which changed the equilibrium length of the 360DW. A positive field compressed the 360DW and raised the oscillation frequency. Figure 4͑b͒ shows how the 360DW oscillation was excited by an ac current over a range of applied fields. An alternating current applied to the 360DW drove an oscillation in the position of the midpoint of the wall at the frequency of the current, as well as an oscillation in the wall length at twice the frequency of the current. When the ac frequency was at or near one-half the resonant frequency of the 360DW, the amplitude of the length oscillation was highest, and when a positive dc magnetic field was simultaneously applied, the resonant frequency increased.
In summary, these simulations predict that the field-and current-driven behavior of 360DWs differs qualitatively from the behavior of isolated 180DWs. The velocity of a 360DW increased with current density but had no dependence on a field applied parallel to the stripe. 360DWs can therefore move faster or slower than 180DWs at the same current density, depending on the applied field. At sufficient field or current, the 360DW is annihilated, generating spin waves. Furthermore, the 360DW displays an oscillation in its width, which can be excited by an ac current of half the resonant frequency. The resonant frequency can be tuned over a wide range by applying a field along the stripe; for example the 360DW in a 100 nmϫ 5 nm NiFe stripe oscillates at 1.6 GHz at −25 Oe and 3.3 GHz at +50 Oe. These characteristics are of considerable importance in domain-wall devices, in which interactions between closely spaced 180DWs are likely to create 360DWs, whose subsequent behavior differs dramatically. Additionally, the resonant behavior suggests uses in tunable GHz devices as a possible alternative to spin-torque oscillators. 360DWs could be employed as a vehicle for the delivery of spin-wave energy, e.g., for spin-wave logic devices, 34, 35 by translating the 360DW then annihilating it with a current pulse, delivering a burst of spin waves. The controlled movement then annihilation of 360DWs also suggests their use as programmable pinning sites in multilayer magnetic structures, in which the stray field from a 360DW can "gate" the movement of a 180DW in an adjacent magnetic layer. 24 Finally, this work suggests that the behavior of even more complex walls such as 540°or 720°domain walls, in particular, their resonant behavior, may be a fruitful study.
